This paper compares calculated and measured energy spectra of implanted H + and O + ions on the assumption that the pickup geometry is quasi-parallel and about 1% of the waves generated by the cometary pickup process propagate backward (toward the comet). The model provides a good description of the implanted O + and H + energy distribution near the pickup energies. The thickness of the implanted ion velocity distribution shells was nearly constant between 2.50x106 km and 1.20x106 km (just outside the shock) along the inbound Giotto trajectory. The explanation is that the velocity diffusion coefficient and characteristic diffusion time vary approximately as 1/r and r, respectively, and therefore their product (which determines the velocity shell thickness) remains nearly constant.
INTRODUCTION

Instruments at comets Giacobini-Zinner and
The acceleration of the implanted ions in the cometary upstream region has generated considerable theoretical interest since the comet encounters. This problem was first examined just before the Giacobini-Zinner encounter [Amata and Formissano, 1985] . In a subsequent paper written shortly before the Halley encounters, Ip and Axford [1986] considered five possible mechanisms, which can act to accelerate implanted ions.
They concluded that in cometary environments the second-order Fermi acceleration (slow velocity diffusion due to the interaction with propagating Alfven waves) was likely to play a dominant role in accelerating ions of cometary origin far upstream from the comets. Later, Isenberg [1987a] published an elegant analytic solution for a specific scenario, which took into account scattered between self-generated waves (propagating toward the Sun) and preexisting waves in the solar wind (predominantly propagating away from the Sun). In order to be able to obtain an analytic solution, Isenberg had to make a number of simplifying assumptions; nevertheless this solution represents a major step toward self-consistent modeling of the upstream-region acceleration of implanted cometary ions.
•qhnrtly after !senberg's analytic .qnlntinn, Gombosi [1988] developed a three-fluid model of plasma transport and implanted ion acceleration in the unshocked solar wind. In this model the solar wind plasma (assumed to contain only protons and electrons) was depleted by charge exchange with the expanding cometary exosphere, while implanted protons and heavy ions (mainly O +) were produced by photoionization and charge transfer and lost by charge exchange. A generalized transport equation describing convection, adiabatic and diffusive velocity change, and the appropriate production terms was used to describe the evolution of the two cometary ion components, while the moments of the Boltzmann equation were used to calculate the solar wind density and pressure. This model has recently been extended to include the effects of firstorder Fermi acceleration [Gombosi et al., 1989] . In this new model a modified scenario was suggested in which a secondorder Fermi mechanism accelerates ions to moderate energies in the cometary upstream region and then in the foreshock region (where the solar wind slows down from its ambient speed to about 0.8 times its upstream value ) the convection, adiabatic acceleration, and velocity diffusion. It superthermal implanted ions are further energized by a was assumed that the implanted cometary particles were diffusive-compressive shock acceleration process (first-order
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spectrum (where v is the particle velocity in the plasma frame and u is the plasma bulk flow velocity) was twofold: first, the origin of the unexpectedly large and highly fluctuating energetic particle fluxes represented a great challenge for theorists, and second, some of the theoretical tools imported from cosmic ray theory were simply not applicable for particles below the pickup velocity. At the present time there is growing consensus concerning the fundamental physical processes leading to the acceleration of implanted cometary particles [lsenberg, 1987a; Gombosi, 1988; lp, 1988; Gombosi et al., 1989 ]; therefore it is time to turn our attention to the particle energy range near the pickup energy. This paper compares observed implanted proton and oxygen distribution functions to the predictions of the generalized transport model [Gombosi et al., 1989 ] assuming quasi-parallel pickup geometry. The study is based on proton data from the high-energy-range spectrometer (HERS) sensor of the Giotto ion mass spectrometer (I_MS) and on oxygen data obtained by the implanted ion sensor (HS) of the Johnson plasma analyser (JPA). The data used in this paper cover the low-energy superthermal particle population near the implanted ion peak (EH+ < 4 keV and EO+ < 100 keV) and do not extend to energies attained by significantly accelerated cometary ions.
OBSERVATIONS
The pickup proton data used in this study were obtained by the IMS HERS. The IMS has been described by Balsiger et al. [1987] . HERS was a magnetic mass spectrometer of rather unusual design which was capable of mapping threedimensional velocity distributions as a function of ion mass/charge for ions with energy/charge below--4 kV. Thus proton distributions could be studied without contamination or confusion by other ion species; when the spacecraft was upstream of the Halley bow shock, picked-up cometary protons could be distinguished from solar wind protons by their different locations in velocity space (i.e., by their very different velocity distributions). The method used to analyze the data reported here was similar to that described in Neugebauer et al. [ 1989a] .
For the water group ions, we use data in the energy/charge range 2.5 to 55 kV from the JPA IlS Wilken et al., 1987] . This instrument was a time-of-flight mass spectrometer which measured the energy/charge and the velocity of individual ions. By measuring the output of five separate sensors as a function of the spacecraft spin phase, Before being ionized (by photoionization or charge exchange) these particles were escaping the comet with velocities significantly smaller than the solar wind speed. Freshly born ions are accelerated by the motional electric field of the high-speed solar wind flow. The ion trajectory is cycloidal, resulting from the superposition of gyration and E x B drift. The resulting velocity-space distribution is a ring-beam distribution, where the gyration speed of the ring is V.L = u sinot (where u is the bulk plasma speed and ot is the angle between the solar wind velocity and magnetic field vectors) and the beam velocity (along the magnetic field line) is vii = u cosot. The ring-beam distribution has large velocity space gradients and it is unstable to the generation of low-frequency transverse waves. It should be noted that in the extreme case of ot = 0 ø the pickup ion distribution is a beam rather than the ring-beam discussed above; however, the pickup-generated wave field and the pickup ion distribution function are practically the same as in the quasi-parallel situation.
In the quasi-parallel regime (or < 60 ø) the initial cometary ion velocity component parallel to the magnetic field exceeds the perpendicular velocity component. This situation typically results in the growth of electromagnetic ion/ion instabilities The wave field in the cometary environment is a superposition of fluctuations generated by the pickup process and of ambient waves in the solar wind. It has been pointed out by Roberts et al. [1987] that near the Sun (-0.3 AU) the magnetic field fluctuations propagate predominantly outward; however, the propagation direction becomes somewhat mixed by 1 AU. In the present model it is assumed that beyond about 0.8 AU approximately 75% of the solar wind turbulence propagates away from the Sun. On the other hand most of the cometary pickup-generated turbulence propagates away from the comet (toward the Sun). It has been recently demonstrated by computer simulations that in the quasi-parallel regime, approximately 99% of the the pickup-generated low-frequency waves propagate toward the Sun [Miller et al., 1991] . Energy diffusion makes use of only an equal number of upstream and downstream propagating "scattering centers"; therefore only that fraction of the mostly cometary pickup-generated (and almost exclusively upstream propagating) turbulence which is "compensated" by downstream propagating waves is utilized by the energy diffusion process. This effect is taken into account by using an appropriately "averaged" power spectrum of magnetic field fluctuations.
The transport model to be compared with observations is the recently published model of Gombosi et al. [1989] , which takes into account advection, adiabatic acceleration, velocity diffusion (second-order Fermi acceleration), and compressivediffusive acceleration (first-order Fermi acceleration). The model assumes a quasi-parallel geometry, so that the freshly ionized cometary particles form a pickup beam or ring-beam distribution in the magnetized solar wind plasma within a fraction of a gyroperiod [Gaffey et al., 1988] . This rapid ringbeam formation is followed by somewhat slower pitch angle diffusion and much slower energy diffusion processes [Gaffey et al., 1988 where f (t,r,v) is the phase space distribution function in the plasma frame, t is time, u is the average plasma velocity, v is random velocity, e is elementary electric charge, m is ion mass, B is the magnetic field vector, S(t, r) is the ion production rate, ix is particle pitch angle, ix0 is the cosine of particle pitch angle at the moment of implantation, (ffiõt)wp is the rate of change of the distribution function due to resonant wave particle interactions, and V and, Vv are the configuration and velocity space del operators, respectively. The left-hand side of this equation is the standard Boltzmann equation trunefnrrnocl into the accelerating plaqrna frame [el Burgers, 1969] , while the two terms on the right-hand side describe ion implantation (assuming instantaneous pickup ring formation) and velocity-space diffusion, respectively. Assuming that (1) the gyrophase distribution is totally random (this assumption, in effect, means that diffusion across magnetic field lines is neglected), (2) the pitch angle diffusion is a much faster process than energy diffusion, and (3) The spatial and velocity diffusion coefficients were obtained by using the quasi-linear approximation.
In this approximation the coefficients of spatial and velocity diffusions can be expressed in terms of the power spectrum of magnetic field fluctuations. However, one has to be careful, because different power spectra have to be used in the determination of these transport coefficients.
In assumed to be known functions of the spatial coordinate, r. These functions were taken from a three-dimensional cometary MHD model [Fedder et al., 1986] . In our particular case the upstream flow velocity was u = 300 km/s, and the particle density was nsw = 6 cm '3. The flow field and the Giotto trajectory are shown in Figure 1 . The parameter values adopted in this paper are shown in Table 1 . Equation (2) was superposition of fluctuations generated by the pickup process numerically solved using an alternating direction, fully that the magnetic field vector is parallel to the flow velocity:
The variation (or lack of variation) of implanted proton and water group velocity shell thicknesses with cometocentric distance is closely related to the variation of ion production rates along individual plasma flow lines. Upstream of the comet terminator plane, local production dominates, which means that due to the rapid growth of local production rate the bulk of the implanted particle population was produced <Av>, is a good measure of the stochastic particle acceleration (second-order Fermi acceleration) in the cometary upstream region [cf. Gombosi, 1988] . The adopted physical model takes into account stochastic (second-order Fermi) acceleration and diffusive-compressive (first-order Fermi) acceleration. This latter acceleration is efficient only for velocities well above the pickup velocity, u. In the present calculation we compare the predicted spectra to observed ones near the pickup velocity; in this energy region the first-order Fermi acceleration does not play a major role, and particles are primarily accelerated by the second-order Fermi mechanism. The good agreement between model prediction and observations indicates that this is really the case in the preshock region and that the quasi-linear approximation to the velocity diffusion coefficient is reasonably good.
The agreement between the model and observations is quite remarkable considering the simplifying assumptions (parallel u (r) and B (r) vectors, quasi-linear diffusion coefficients, etc.) and experimental uncertainties. It should also be emphasized that a single set of physical parameters were used to describe a large number of implanted ion spectra. The adopted solar wind parameters were quite close to the observed values (although usw = 300 km/s is probably on the low side), and the gas production rate was observed to be Qn = 6.9 x 1029 s -1 during the Giotto encounter (however, the appropriate value of Qn may be somewhat higher, because the neutral particle fluxes at millions of kilometers were emitted a few days earlier, when the comet was more active [Huddleston et al., 1990] Finally, it is assumed that Itojl << glc [lsenberg, 1987b] .
Through the resonance condition this assumption requires that I. tv >> VA, which is usually satisfied for pickup ions except for 90 ø pitch angles. This problem was discussed by lsenberg [1987b] in some detail. Next we assume that the distribution function is not far from isotropy, i.e., it can be written in the This assumption is equivalent to the lowest-order Legendre polynomial expansion of the distribution function, which is extensively used in cosmic ray theory. It should be noted that (All) is the lowest-order approximation which describes particle streaming and therefore can lead to spatial diffusion. With these assumptions and simplifications, equation ( In the next step we assume that we have a parallel geometry, i.e., u is parallel to B, and neglect the field line curvature effects. It is also assumed that the physical quantities depend only on the distance along the field line, x, and are independent of the perpendicular coordinates. For the sake of simplicity we also assume that the anisotropy, f•, can be expressed as Let us examine equation (A16) in the limit of fast pitch angle scattering. It is also assumed that the solar wind is quasi steady state (the time scale of the solar wind deceleration is much larger than that of the pitch angle scattering). In this limit we neglect all terms containing time derivatives of the flow speed, and all terms which contain the product of F1 and any derivative
